We present measurements of the superconducting upper critical field Hc2(T) and the magnetic phase diagram of the superconductor ErNi2B2C made with a scanning tunneling microscope (STM). The magnetic field was applied in the basal plane of the tetragonal crystal structure. We have found large gapless regions in the superconducting phase diagram of ErNi2B2C, extending between different magnetic transitions. A close correlation between magnetic transitions and Hc2(T) is found, showing that superconductivity is strongly linked to magnetism.
ErNi 2 B 2 C is a prominent member of the series of the quaternary rare earth nickel borocarbides (RNi 2 B 2 C with R=Gd-Lu and Y), because of the coexistence of superconductivity with different kinds of magnetic ordering in an accessible temperature and magnetic field range [1] [2] [3] . It becomes superconducting below about 11 K, goes into an incommensurate antiferromagnetic (AF) phase below T N =6.3 K, and develops a net weak ferromagnetic component (WF) below T W F =2.3 K, where one of each twenty spins of the initially fully antiferromagnetic modulation are aligned parallel to each other [4] [5] [6] [7] [8] [9] [10] . Remarkably, superconductivity survives all magnetic transitions, contrary to what occurs in the Chevrel phase compounds (RRh 4 B 4 with R being a rare earth), where a reentrance to the normal phase is observed when entering a ferromagnetic state [11] [12] [13] [14] [15] . One of the most salient features is a 1 * Corresponding author: hermann.suderow@uam.es strong interrelationship between the magnetic and superconducting phase diagrams, first observed in the superconducting upper critical field [8] . The magnetic phase diagram has been studied using a variety of techniques. Neutron scattering and magnetization data have revealed the form of the spin alignment in a wide range of magnetic fields and temperatures [16, 17] . A magnetoelastic tetragonal to orthorhombic distortion has been observed at T N using synchroton X-ray scattering [18] , and the corresponding anomalies in the thermal expansion have been followed in ref. [19] . Thermal expansion, magnetostriction, and specific heat measurements have revealed insight into the pressure dependence of the transitions [20] . Scanning Hall probe microscopy has revealed the presence of a small random magnetic field all over the surface of this compound [21] .
The superconducting electronic density of states of ErNi 2 B 2 C, which is unaccessible from specific heat due to the overwhelmingly large magnetic contributions [20, 22] , has been studied using scanning tunneling microscopy and spectroscopy. Instead of a well developed BCS superconducting density of states a high amount of excitations appear at the Fermi level, with a V-shaped density of states, which persists all the way up to T c [23] , pointing towards a highly anomalous superconducting density of states. TmNi 2 B 2 C orders antiferromagnetically below 1.5 K, with a far smaller local magnetic moment and has a well developed superconducting gap [24] . Pair breaking due to strong magnetic scattering, has been argued to be more important in ErNi 2 B 2 C than in TmNi 2 B 2 C due to the stronger exchange field in the former compound [25] . Recent thermal conductivity measurements in HoNi 2 B 2 C have shown that enhanced magnetic pair breaking exists in a large part of the phase diagram, with superconducting features in the thermal conductivity appearing below the resistively measured upper critical field [26] .
The objective of the present work is to measure H c2 (T) of ErNi 2 B 2 C using tunneling spectroscopy, and search for possible relationships to the magnetic phase diagram. We have used similar experimental set-up and samples as in previous works [23, 27, 28] , consisting of a STM in a dilution refrigerator. Here we use gold tips, and the sample was prepared by cutting a suitable needle out of single crystalline platelets of several mm thickness and one cm 2 cross section oriented along the basal plane. The needles were broken in-situ, at low temperatures, providing for clean surfaces. The magnetic field was applied parallel to the tunneling direction, i.e. along the a axis. Topography and spectroscopic features have been discussed elsewhere [27, 29] . Identification of magnetic transitions with STM using the length changes produced by the thermal expansion of the sample was discussed previously in Refs. [27] . We follow changes in the position of the tip over the surface of the sample of ErNi 2 B 2 C, when varying the temperature [30] . We observe strong changes close to magnetic transitions, related to the longitudinal thermal expansion along the a axis. In Fig.1 we show anomalies at the magnetic transitions, giving clear-cut peaks with a height comparable to results obtained with other methods [20, 19] . The position of the peaks give the magnetic transition temperatures, which are comparable to previous work.
To measure the upper critical field, we follow the superconducting tunneling features as a function of temperature and magnetic field, in different positions on the surface [31] . The superconducting fea-
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Temperature (K) tures are weak in ErNi 2 B 2 C, so we did not resolve the vortex lattice [29] . We trace the temperature of field dependence of the zero bias conductance, normalized to its value at high bias. In the insets of Fig.2 we show some representative tunneling conductance curves in ErNi 2 B 2 C and in the nonmagnetic parent compound LuNi 2 B 2 C. We define H c2 (T) as the point where the normalized zero bias conductance (Fig.2) reaches 0.99 when increasing temperature or magnetic field. At this point, the tunneling curves are essentially flat and voltage independent below some 10 mV, within the experimental uncertainty. In the Fig.3 we show H c2 (T) thus obtained. Note that although the data taken in LuNi 2 B 2 C closely follow previous results obtained by tracing the resistive transition (Fig.3) , there is a large difference between H c2 (T) found in ErNi 2 B 2 C through tunneling spectroscopy and the result obtained by the resistive transition. This means that there is a large temperature and field range where ErNi 2 B 2 C is essentially featureless in the tunneling conductance, still showing zero resistance. In TmNi 2 B 2 C, which has a transition to an antiferromagnetic state below 1.5 K, and where the gap is fully open at low temperatures [29, 24, [32] [33] [34] , we did not find differences between tunneling data and the resistive transition. This would imply that magnetism of ErNi 2 B 2 C leads to a significant destruction of the superconducting gap in applied magnetic fields.
Note on the other hand that data in ErNi 2 B 2 C have been taken down to very low temperatures, extending the range studied in previous work [8, 17, 3] . There is a significant positive curvature at high temperatures, characteristic of many nickel borocarbide superconductors. This strong positive curvature has been associated with the anisotropy of the Fermi surface [35] [36] [37] [38] . There are features at T * K are pronounced, and H c2 (T) becomes nearly flat at these points.
In Fig.4 we compare the magnetic and superconducting phase diagrams in ErNi 2 B 2 C. As shown in Ref. [16] , when a magnetic field is applied in plane between T W F and T N , the initial incommensurate antiferromagnetic modulation (Q=0.55-0.56 a * ), is modified into a field induced weak ferromagnetic state which locks to the lattice and becomes commensurate with a wavevector Q=(m/n)a * , being m odd and n even in most of the phases discussed in ref. [16] . When the magnetic field is increased, the wavelength of the commensurate structures is gradually reduced, and the number of spins aligned with the magnetic field increases. This produces new commensurate phases identified as well in neutron scattering measurements as in magnetization, which shows a steep increase at each transition [8, 17] . The phases labeled in the Fig.4 have been identified as the low field incommensurate AF phase Q 1 =0.55-0.56 a * , and the commensurate phases Q 2 =0.57 a * , Q 3 =0.58 a * and Q 4 =0.59 a * . The final transition to the saturated paramagnetic state occurs at about 2 T along the a axis, for fields much above the loss of detectable superconducting gap via tun- Closed circles are points of the magnetic phase diagram obtained by thermal expansion (see also refs. [19, 3] ), and open circles the H c2 (T) data obtained by tunneling spectroscopy (same as Fig.2) . Open triangles are H c2 (T) data obtained through resistivity, from ref. [16] . Dashed lines are the magnetic transitions viewed in neutron scattering experiments (from ref. [16] ), and the different magnetic phases are labeled by Q 1 -Q 4 [16] . The magnetic states are labeled with P for paramagnetic state, and with the corresponding Q vector, determined in ref. [16] , for the magnetic states.
neling spectroscopy. The features at H c2 (T) curve measured using tunneling spectroscopy at T * 2 ( Fig.  3 ) actually coincides with a triple point (transition Q 1 -Q 2 -Q 3 ) in the magnetic phase diagram. The rest of the H c2 (T) curve obtained using tunneling spectroscopy follows the magnetic transitions Q 2 -Q 3 and Q 2 -Q 4 from 4.5 K to 2 K. Below about 2 K, another feature with a vanishing slope is observed in H c2 (T) curve obtained using tunneling spectroscopy. This possibly coincides with another magnetic transition, evolving from the low temperature weakly ferromagnetic state which exists at zero field. Note that the extended gapless region with zero resistance (Fig.4) is bound within the magnetic transitions Q 2 -Q 4 , showing that the density of states in this compound is significantly influenced by the underlying magnetic state. Thus, possible explanations for the gapless state can be enhanced magnetic scattering near the surface [25] , or band-dependent strong pair breaking [26] .
The strong correlation between magnetism and superconductivity in ErNi 2 B 2 C leads to remarkable features in the superconducting phase diagram, which closely follows the changes in the local spin arrangement. The question of how these are linked together remains open for further study. Measurements of the vortex lattice, or of the tunneling spectroscopy using superconducting tips [39, 40] , should be useful, as well as other macroscopic measurements, such as thermal conductivity or London penetration depth.
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